Recent efforts to achieve global standardization of scanning probe microscopy (SPM) including noncontact atomic force microscopy (NC-AFM), especially through the International Organization for Standardization (ISO) and related research, are surveyed. Since the unification of terminology for SPM is a prerequisite for standardization, it should have the first priority, followed by the unification of data management and treatment, which will enable access to and processing of SPM data collected by different types of instrument. Among the various SPM analytical methods, the dimensional metrology of SPM is regarded to be the first priority for standardization. This requires solving two basic problems: calibrating the x, y, and z coordinate axes with traceability to the SI unit of length, and eliminating the morphological artefacts caused by the shape of the probe tip. Pre-standardization efforts on restoring distorted images and characterizing the tip shape during use are discussed.
Introduction
Almost a quarter of a century has passed since the invention of scanning tunneling microscopy (STM) by Binnig and Rohrer in 1982 [1] . The atomic resolution demonstrated in real space by imaging on Si(111)-7 × 7 surfaces opened a new era of nanometre-scale science and technology [2] . The most important innovation was the extension of STM to atomic force microscopy (AFM), or, more precisely, scanning force microscopy (SFM), which was invented in 1986 by Binnig et al [3] . Since then, various types of microscopies with scanned probes have been developed, enabling a wide variety of physical and chemical quantities to be probed. For example, magnetic force microscopy (MFM), which was first demonstrated shortly after the invention of AFM, enables imaging of the magnetic force at the probe tip [4] . The most significant achievement in AFM is the demonstration of true 4 Author to whom any correspondence should be addressed. atomic resolution. In 1994 Giessibl succeeded in obtaining atomic resolution noncontact AFM (NC-AFM) images of a Si(111)-7 × 7 surface in ultrahigh vacuum using a frequency modulation (FM) mode [5] . These various microscopies form a large family called 'scanning probe microscopy' (SPM). The compactness of SPM heads compared with those of electron microscopes such as transmission electron microscopes (TEMs) and secondary electron microscopes (SEMs) gives them high environmental adaptability. They can be operated not only in air and in liquid but also in extreme circumstances such as very low temperature, high magnetic field, and extremely high vacuum [6] . Furthermore, SPM tips can be used as nanoscale fabrication tools for nanodot formation [7] , nanolithography [8] , atom manipulation [9] , and so on.
Nowadays, SPM has become a dominant nanocharacterization tool and it is used not only for scientific research but also for industrial fabrication and inspection.
Due to the rapid advances in technical innovations and the wide variety of SPMs, the development of SPM instruments and the establishment of SPM techniques have been important activities in scientific research.
As a result, relatively little effort has been devoted to standardizing scanning probe microscopies as quantitative methods for chemical and physical analyses [10] . Consequently, the definitions of technical terms used for SPM have some ambiguity: for example, different terms are sometimes used for identical methods, leading to misunderstandings. The increasing use of SPMs as basic analytical tools in laboratories and manufacturing plants is driving the need to quantify and standardize scanning probe microscopies. Since the most common use of SPMs is topographic imaging, mainly using dynamic mode AFMs, standardizing the methods used for surface topography should have high priority. In the dynamic modes, the intermittent contact mode is often used in gaseous and aqueous environments while NC-AFM is mainly used in vacuum environments.
In this paper, we describe recent activities and researches related to SPM standardization, mainly activities performed in the framework of the International Organization for Standardization (ISO). We start by describing the standardization activities for terminology and data management that will facilitate access to and processing of SPM data. Next, two basic problems in topographical analysis using SPM are discussed: the calibration of the x, y, and z axes so that the nonlinearity effects of the piezoelectric actuators are correctly taken into account, and the elimination of the morphological artefacts caused by the shape of the probe tip. Finally, pre-standardization research efforts on dimensional calibration, distorted image restoration, and tip-shape characterization during use are discussed.
Roadmap for SPM standardization
There are several frameworks for international standardization activities.
Among them, the International Organization for Standardization (ISO) is the world's largest developer of industrial standards for which there is a market requirement [11] . SPM standardization activities began in the ISO framework in 2004 when Subcommittee 9 for SPM was established as part of Technical Committee (TC) 201 for surface chemical analysis. Since the SPM family has a relatively short history compared with that of conventional surface analytical methods, TC201 has established several study groups (SGs) to identify the specific needs for SPM standardization and to set the priorities for addressing them.
Our proposed roadmap for global standardization of SPM, mainly through ISO/TC201, is illustrated in figure 1. The most urgent task is to standardize the terminology because doing so will provide a firm basis for the following standardizations. A committee draft has been prepared by ISO/TC201/SC1 for terminology, and the standard will soon be published as an amendment to the existing standard for terminology [12] . It will include acronyms for SPM-specific terms, definitions and terms for SPM methods, and acronyms and terms for contact mechanics.
Once the terminology is set, standardization should proceed in two directions: towards standardization of data management and treatment, which will be discussed in the next section, and towards standardization related to operations, such as dimensional calibration, and of reference materials and guidelines for operational procedures. The priority of the standardization is generally based on the actual needs of users and manufacturers. As for the SPM operations, the standardization should deal with not only dimensional analyses by topographic imaging using dynamic-mode AFMs but also atomic-scale chemical analyses and manipulation techniques using high-resolution SPMs such as NC-AFM and STM. Moreover, guidelines for the proper uses of SPMs in different environments such as in air, in liquids, in UHV, and so on, should be standardized. Since the SPM family is quite large and still growing rapidly, the volunteer efforts of many experts in various areas will be needed.
Data management for SPM
SPM is used mainly for imaging and spectroscopy, both of which require appropriate standardization of data management and treatment methods. Our proposed standardization process for the management and treatment of SPM data is shown in figure 2. As mentioned above, a wide variety of SPMs were developed following the invention of STM. Moreover, the SPM manufacturers use a wide variety of data formats with various terminologies. This makes it difficult for ordinary SPM users to interpret data collected using SPM machines with which they are unfamiliar. Standardization of transfer formats for SPM data using a unified terminology would solve this problem.
An SG was established in ISO/TC201/SC3 (Data Management and Treatment)/WG-1(Information Formats) for this purpose in 2004. Its mission is to assess the need for standards pertaining to the development of a common data format and related software for the exchange of SPM data collected using various types of instrument.
The development of a standard data transfer format will facilitate inter-exchangeability and consistent treatment of SPM data, enhance the productivity of data-processing programs, and increase accuracy and quantification. Once the data format has been standardized, the focus should shift to standardizing data processing procedures such as dimensional calibration, tip characterization, and image restoration. The final goal should be the establishment of a comprehensive SPM database integrated with a common data-processing environment. Archiving the large amount of SPM data collected by various institutions in one database will enable researchers in various areas to easily access the data.
Standardizing the data transfer format for SPM requires consideration of both the basic requirements and consistency with existing standards [13, 14] . The format basically consists of an information header and subsequent data array. The current data transfer format (ISO 14976) is composed of text, which can be accessed independently of the computer system using a conventional text editor. The information header should include as a minimum set fields for precisely describing the data, such as author information, environmental conditions, sample specifications, measurement conditions, probe specifications, and image treatment specifications. The standard should be flexible enough to handle multiple images recorded simultaneously.
Calibration for SPM dimensional analysis
The most important ability of SPMs is regarded to be their ability to measure sample dimensions with subnanometre-scale accuracy. Therefore, there is a growing need for standardized procedures for calibrating instruments for SPM dimensional analysis.
The fundamental principle of imaging is the scanning of a sharp tip on a sample surface using three-dimensional piezoelectric actuators to manipulate the tip. The interaction between the tip and the sample is detected with a probe sensor, and its signal is used for feedback control of the tip-sample distance along the z coordinate axis. Here, the most obvious problem is the nonlinearity effects such as hysteresis and piezoelectric actuator creep. If the tip position is controlled only by the voltages applied to the x-y scanner and z actuator, a significantly distorted image will be observed if the area scan is relatively large due to the nonlinearity of piezoelectric actuators. To overcome this problem and make the SPM dimensional measurements traceable to the SI unit of length, so-called 'metrological AFMs' have been developed [15] [16] [17] [18] [19] . They are AFMs traceable directly to the SI unit with integrated position sensors using laser interferometers. Figure 3 shows a schematic diagram and a photograph of the metrological AFM developed by National Metrological Institute of Japan (NMIJ) [17, 18] . It has a high-resolution threeaxis laser interferometer for real-time correction of distorted topographic images. Metrological AFMs enable standard materials for dimensional analysis to be directly calibrated using the stabilized wavelength of He-Ne lasers [19, 20] .
Two other types of SPM are available commercially. One is a conventional open-looped SPM in which the threedimensional topography is determined by the voltages applied to the x-y scanner and z actuator. The other type is a closedloop SPM with in situ position monitoring using integrated position sensors such as capacitance sensors and strain gauges. Calibration of these SPMs for SI-traceable dimensional measurements requires the development of physical transfer standards. Figure 4 shows the proposed SI-traceable calibration scheme of the x, y, and z axes for SPMs using physical transfer standards or certified reference materials (CRMs). The physical transfer standards are calibrated using the metrological AFM, and these references are traceable to a length standard. SPM manufacturers and users could then use these CRMs to calibrate their own SPMs. The CRMs required for the lateral calibration are one-dimensional or twodimensional gratings with accurately known pitches. The CRMs required for the vertical calibration are step height materials with accurately known heights. Establishment of trustable SPM measurements requires guidelines for performing SPM calibration and measuring uncertainty. The uncertainty of measurements should be calculated in accordance with the Guide to the Expression of Uncertainty in Measurement [21] . Standardizing the guidelines for SPM calibration is among the candidate work items that should be given high priority.
Restoration of SPM images
Among the various artefacts or distortions observed in SPM topographical imaging, the most common one is caused by the tip shape. The acquired SPM image is a convolution or dilation between the tip shape and the sample topograph [22] . In the case of an atomically flat surface, an SPM image can be regarded as the sample surface convoluted using an imaging transfer function. This means that the true image can be restored from the observed image using linear deconvolution. In contrast, significant distortion in SPM imaging may occur if the sample surface has large corrugation compared to the tip apex shape. The real surface topography, s(x, y), is dilated to the image surface topography, z(x, y), by the finite tip shape, t (x,y):
The dilated SPM image of the topography can be partially restored by using a so-called erosion algorithm to reconstruct the upper bound image, r (x, y), of the real surface topography: Figure 5 shows a numerical simulation of SPM imaging (dilation) and image reconstruction (erosion) from the imaged surface using a known tip-shape function. Since there is a great need for a reproducible procedure for restoring SPM images, one should be standardized by the ISO. Our proposed procedure for restoring SPM images distorted due to the use of a finite-size tip is shown schematically in figure 6 . A trial function of the tip surface, t (x,y)
• , or matrix T • , is estimated using reference materials for tip characterization; these materials should be calibrated using metrological AFM to ensure dimensional precision. The observed SPM topographic image, z(x, y)
• , should be pretreated into z(x, y), or matrix Z, to reduce the spike noise and to correct for background fluctuation, which can cause unwanted artefacts during the following processes. The image reconstruction process is then applied to matrix Z using T • to extract the reconstructed surface, r (x, y), or matrix R, and the uncertainty map, c(x, y), or matrix C, which represents unreconstructable regions. The tip surface function represented by matrix T should be optimized in size and grid density for quantitative evaluation of uncertainty mapping. Further iterative processing should result in the optimization of R, i.e., the best possible upper bound of the real surface topography extractable from the measurements.
Characterization of tip shape during use
There are several methods for characterizing the probe's tip shape. Although the tip shape can be observed using SEM, extraction of the three-dimensional (3D) tip shape from the images is difficult because SEM does not directly provide 3D information [23] . Moreover, SEM characterization can be performed only before or after SPM imaging. The preparation and transportation of the probe for SEM measurements may cause a significant deviation from the original shape. Therefore, there is a strong need for a way to extract the threedimensional profile of a probe tip during use. An indirect way without reference materials is blind tip estimation [23] [24] [25] , where the tip shape is extracted from the observed SPM image. However, blind tip estimation is very sensitive to the spike noises often observed during SPM imaging [23] .
The use of standardized reference materials or a tip characterizer would enable direct tip-shape imaging. Figure 7 shows an example result of a numerical simulation of direct tipshape imaging using an artificial sharp protrusion formed on a flat surface. If the protrusion is sharp enough compared with the tip shape, the observed SPM image, z(x, y), reflects the tip shape function, t (x, y). This concept was partially realized by using an array of sharp silicon protrusions on a Si(100) substrate fabricated by microelectronics processing [26] . This approach is suitable for estimating the shape of conventional AFM tips with ordinary apex curvatures. An apparent technological difficulty is how to fabricate a protrusion sharper than the apex of a high-quality SPM tip with a curvature radius of a few nanometres. Naturally formed sharp structures, such as atomic steps [27] , nanoclusters [28] , sharp pore edges [29] , and nanowires [30] , can be used to evaluate the topmost curvature of an SPM tip during use. Figure 8 illustrates our proposed approach to tip-shape estimation. It uses naturally formed carbon nanowires on a graphite (0001) surface. As shown in the simulated and actual AFM imaging, line-profiling of nanowires enables the cross-section of the tip shape to be estimated.
Another approach is to use advanced microfabrication technologies to precisely design nanostructures that can be fabricated for tip-shape characterization [31, 32] . Recently, a group at National Institute of Advanced Industrial Science and Technology (AIST, Japan) developed a nanometre-scale comb-like tip characterizer [33] . As shown in figure 9 , the base materials are atomically thickness-controlled superlattices of GaAs and GaInP. Selective etching enables the fabrication of 10 nm-scale line and space structures and isolated nanometre-scale wedges. Since these artificial nanostructures can be fabricated reproducibly and be certificated using a metrological AFM, this approach can be used not only for tipshape estimation but also for the lateral calibration of SPM measurement. Related pre-standardization test research is now underway with international collaboration.
Conclusion
We have described recent trends, strategies, and activities related to global standardization of SPM, performed through the International Standardization Organization framework. The highest priority is the standardization of SPM terminology; this is being worked on in ISO/TC201/SC1, and a standard will soon be published. The subsequent standardization of data management, especially the format for exchanging SPM data, will enable SPM data collected by different instruments to be more easily and efficiently accessed and processed.
Topographical imaging, the most common use of SPM, faces two basic problems. One is the calibration of the 3D coordinate axes taking into account the nonlinearity effects of the piezoelectric actuators. This problem can be overcome by using an SI-traceable calibration chain created using a metrological SPM. The other problem is eliminating the artefacts caused by the finite size of the probe tip. A reproducible way to restore distorted SPM images was described. Finally, various approaches to characterizing the probe tip shape during use were explained in detail.
SPM standardization has only recently begun in the ISO framework, and there is a wide range of standardization activities. Global standardization should be looked at with a long-term perspective, and progress towards the final goal requires a steady and productive pace. The international collaboration and participation of SPM experts from national institutions, academia, and industry are essential for the efficient promotion of standardization.
